Cooperative binding is commonly observed in biological receptor systems. This study investigates whether it is possible to prepare nano-sized molecularly imprinted polymers (nanoMIPs) that show cooperative binding. NanoMIPs which exhibit cooperative binding would have increased affinity for immobilised template molecules making them useful for advanced applications in diagnostics and sensors. The use of a templatederivatised solid support provides a facile route to prepare nanoMIPs with surface imprints, and the method is ideally suited to study this topic. Although not observed during the course of this study, positive interbinding site cooperativity was hypothesised by way of an increase in the number of binding sites imprinted on the nanoMIPs, by increasing template density on the solid support surface. After synthesis, the affinity of nanoMIPs was analysed using surface plasmon resonance (SPR) technique. Under the conditions investigated, a ten fold increase in binding affinity was measured as template density was increased. SPR results could be explained by an increase in cooperative binding; however calculations showed that the increase in affinity was not significant enough to prove cooperative binding interactions. The main conclusion obtained was that MIP nanoparticles contain only one "high-affinity" binding site that interacts with immobilised template in an SPR assay.
Introduction
Cooperative binding exists when the binding of one molecule affects the binding of others; either positively or negatively. These interactions can only occur in receptorligand systems where there are three or more interacting "partners". Partners can refer to the binding sites or the molecule/macromolecule that binds to the binding site [1] . Cooperative binding behaviour has been reported in many biological receptor systems where interaction between molecules is fundamental to biochemical processes. Cooperative binding is thus significant in biology due to conferred physiological effect [2] .
The most studied example of cooperative binding is the binding of oxygen to the metalloprotein haemoglobin. Haemoglobin shows positive cooperativity as binding of oxygen induces a conformational change in the shape of the other binding sites so they become more favourable for binding [3] . Other examples of cooperative binding proteins include the multimeric enzyme threonine deaminase, the multimeric ion channel nicotinic acetylcholine receptor and the multisite molecule calmodulin. Calmodulin cooperatively binds calcium ions (Ca 2+ ) to its four binding sites as it undergoes a conformational change from a closed conformation to an open conformation [3] . A case where cooperativity is seen without ligand-induced conformational change is with transcription factors such as lambda phage repressor. [4] . NanoMIPs (molecularly imprinted polymer nanoparticles) can be described as synthetic receptors because they show molecular recognition properties with similar affinity and specificity to natural receptors [5] . Interestingly there has been only one reported case that provides an evidence of cooperative binding in a MIP system. The work carried out by Andersson et al. in 1999 found an unexpected increase in retention of nicotine in chromatography study where MIP with affinity for (-)nicotine was packed into HPLC column. The response generated was indicative of higher order template complex binding sites that were selective for template-template complexes. Longer retention times were observed that were representative of cooperative binding behaviour [6] .
This was later followed by a 1 H nuclear magnetic resonance study on the interactions between template (nicotine) molecules in molecular imprinting polymerisation mixture by Svenson et al. in 2004 . This study showed that self-association of nicotine was enhanced by presence of functional monomer analogue acetic acid. This work therefore provided evidence for the presence of template-template complexes in polymerisation mixture leading to imprinting of binding sites selective for template-template complexes. In aforementioned chromatography study template selfassociation was the basis for cooperative binding behaviour [7] .
There are two molecular mechanisms which can explain cooperative binding behaviour in threecomponent interactions seen in biological receptorligand systems as described by [1] . These mechanisms could also be applied to a nanoMIPtemplate system provided the nanoMIP has more than one binding site.
The first mechanism is when weak contacts (e.g. non-covalent interactions) exist between template molecules T 1 and T 2 . This results in template molecules being physically close in space and could therefore influence the overall formation of nanoMIP-template (MT n ) complex) [1] . This was the case for cooperative binding observations for (-)nicotine MIP) [7] . The second mechanism is when binding of template T 1 induces a conformational change in the nanoMIP that alters its affinity towards subsequent binding of T 2 [1] . This is where the shape of binding cavities may become altered and/or more or less accessible to incoming template molecules. This is also referred to as allosteric change and is a common mechanism reported in biological receptor-ligand systems) [1] .
Whilst nanoMIPs are highly cross-linked, they are amorphous phase in character [8] . NanoMIPs are also not multimeric and are usually rigid [9] . In contrast biological receptor proteins have a very ordered 3D structure. The network of amino acids "communicate" to bring about allosteric change. Allosteric change is highly specific and reproducible for a particular receptor [10] . The second mechanism is therefore not expected to occur in a nanoMIP system. If cooperative binding was to be exhibited by a nanoMIP system, it would most likely involve the binding sites "cooperating" with each other to bind to more than one (immobilised) template molecule. A situation where this binding behaviour may arise is when immobilised template molecules are held close in space. The good model for studying cooperative binding in MIP system is surface plasmon resonance (SPR) binding assay [11] .
Reference to cooperative binding and nanoMIPs have not been found in the literature. The template-derivatised solid support synthesis and chromatographic separation of high affinity nanoMIPs is believed to produce nanoMIPs with 1 or 2 binding sites per particle [12] . Here we describe a study that involves varying template density on solid support surface in expectation that it will lead to production of nanoMIPs with different number of binding sites per particle. It is hypothesised that positive enhanced cooperative binding would be observed by way of an increase in the number of imprinted binding sites. NanoMIPs which exhibit enhanced cooperative binding would have increased affinity for template molecules. This, together with high robustness of polymeric systems could give them advantages over natural biomolecules in diagnostics applications in clinical and environmental analysis [5] .
Materials and Methods

Materials
Ethylene glycol dimethacrylate (EGDMA), itaconic acid (ITA), trimethylolpropane trimethacrylate (TRIM), 3-aminopropyltrimethyloxysilane (APTMS), [3-(2-aminoethylamino) propyl]trimethoxysilane (ENPTMS), dimethylformamide (DMF), pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), N-hydroxysuccinimide (NHS), toluene, ethanol, acetone, cysteamine and HPLC grade water were purchased from Sigma-Aldrich (UK). Acetonitrile (ACN), sodium hydroxide (NaOH) and hydrochloric acid (HCl) were purchased from Fisher Scientific (UK). N,N'-diethyldithiocarbamic acid benzyl ester was obtained from TCI Europe (Belgium). Double distilled ultrapure water (Millipore) was used for analysis. All chemicals and solvents were analytical or HPLC grade and were used without further purification unless specified otherwise. Phosphate buffered saline (PBS) was prepared as specified from PBS buffer tablets (Gibco, UK). Where required, the pH was adjusted with the addition of NaOH and/or HCl. The 4-((4-hydroxyphenyl)amino)-4-oxobutanoic acid was kindly supplied by Dr. R. Shutov from the Saint-Petersburg State Chemical-Pharmaceutical Academy, Saint-Petersburg, Russian Federation.
Molecular modelling
4-((4-hydroxyphenyl)amino)-4-oxobutanoic acid (carboxyparacetamol) was used as a structural analogue of paracetamol (the carboxylate group, which is absent from paracetamol, is used for coupling of the molecule to the glass beads). Monomer-template interactions were simulated using the SYBYL 7.3 (Tripos Inc. ST. Louis, MO, USA) software package in conjunction with the SPECTRE operating system. Carboxyparacetamol, the template, was constructed in SYBYL and the structure minimised to a value of 0.001 Kcal mol -1 . A database consisting of 25 commonly used functional monomers was screened for their possible interactions with the template using a Leapfrog TM algorithm performed for 60,000 iterations [13] . Binding energies were calculated for each monomer. Monomers with highest binding energy were selected for further evaluation to determine template: monomer ratio.
Preparation of paracetamol-derivatised glass beads
Glass beads (Spheriglass® 2429, 53-106 µm Blagden Chemicals, UK) were treated by vibrating them with abrasive ceramic beads on a vibratory sieve shaker (Retsch AS 200, Germany) for 5 h with a 70% amplitude to remove surface coating. Glass beads (average diameter 70−80 µm) were activated by boiling in NaOH (1.0 M) for 15 minutes, then washed with double-distilled water followed by acetone and dried at 80°C. Aliquots of beads were then incubated with different amounts of silyl linker molecules APTMS (abbreviated to A) or ENPTMS (abbreviated to B) in anhydrous toluene overnight as per Table 1 . Beads were subsequently washed with acetone and incubated with a solution of carboxyparacetamol, EDC and NHS (0.5, 10 and 15 mg mL -1 respectively) in PBS, pH 7.4, overnight at ambient temperature. Finally, the glass beads were washed with double-distilled water and dried under vacuum, then stored at 4°C until used.
Synthesis of paracetamol nanoMIPs
The protocol for template-immobilised solid support synthesis of nanoMIPs for paracetamol was adapted from Moczko et al. [14] . Polymerisation mixture was prepared by mixing ITA (4.35 g) as functional monomer, EGDMA (3.24 g) and TRIM (3.24 g) as cross-linkers, N,N-diethyldithiocarbamic acid benzyl ester (0.75 g) as iniferter and PETMP (0.18 g) as chain transfer agent in DMF (10.52 g). The mixture was placed in a glass vial and purged with N 2 for 5 min. Paracetamol-derivatised glass beads (solid support, 50 g) were placed in a 200 mL flat-bottomed glass beaker and degassed in a vacuum desiccator for 20 min. The polymerisation mixture was poured onto the glass beads and the beaker, covered with a watchglass, then placed between two UV lamps (Philips, UK) for 90 seconds. After polymerisation, the contents of the beaker were decanted into a 25 mL SPE cartridge fitted with a polyethylene frit (20 µm porosity). The solid support (glass beads) was washed with 1 bed volume of DMF and 7 bed volumes of ACN (relative to the volume of solid support in cartridge) at ambient temperature. This was done to elute non-polymerised monomers and low-affinity polymers. Separation of high affinity nanoMIPs was carried out by conditioning the SPE cartridge, containing the washed solid support, at 60°C. Solid support was washed with 4 bed volumes of hot ACN at 60°C. The total volume of the collected solution of high-affinity nanoMIPs in ACN was 100 mL. Photopolymerisation and elution of synthesised nanoMIPs was replicated for the different solid supports prepared (Table 1) . 
Characterisation of nanoMIPs
Samples were prepared for analysis by solvent exchange of ACN for deionised water. Small quantities of aqueous sample (c. 10 mL) were ultrasonicated for 5 minutes and then filtered through 0.45 µm PTFE syringe filters (Cronus, Jaytee, UK). Transmission electron microscopy (TEM) images were obtained using a Philips CM20 Transmission Electron Microscope. A drop of the sample was deposited on a carbon-coated copper grid and dried in air. The size of nanoMIPs was determined using dynamic light scattering (DLS). Before the measurement, nanoMIPs solution was ultrasonicated for 5 minutes and then analysed at 25°C using a Nano-S Zetasizer (Malvern, UK). Yields were also measured by evaporating 10 mL aliquots of nanoMIPs contained in ACN solvent and weighing resultant dry mass.
Surface plasmon resonance (SPR) affinity analysis of nanoMIPs
SPR experiments were performed using a Biacore 3000 SPR system (GE Healthcare Life Sciences, UK). Au-coated chips (SIA Kit Au, Biacore) were incubated in a solution of cysteamine (0.2 mg mL -1 in ethanol) at 4°C for 24 h, after which they were washed with deionised water, dried and assembled on their holders. Cysteaminefunctionalised gold chip(s) was then docked in SPR instrument for immobilisation of template. A solution of carboxyparacetamol, EDC and NHS (0.6, 0.4 and 0.6 mg mL -1 respectively) in PBS buffer (0.01M, pH 7.4) was prepared and injected over gold chip sensor surface using INJECT mode (injection volume -100 µL). 6 injections were made in total to ensure full coverage of chip (all 4 channels) with carboxyparacetamol molecules. PBS buffer was prepared with fresh water filtered through 0.45 µm nylon syringe filter (Cronus, Jaytee, UK).
A sample of the solution of nanoMIPs in ACN (10 mL) was diluted with deionised water (20 mL) and concentrated down to a final volume of 5 mL by evaporation of the solvent. The aqueous stock solution of nanoMIPs was ultrasonicated for 5 min and filtered through 0.45 µm PTFE syringe filter. The molar concentration of nanoMIPs was determined as described previously [15] . NanoMIPs stock solution was diluted in PBS for the analysis following a series of 2-fold dilutions. The concentration range of diluted nanoMIP solutions varied from c. 0.01 to 8 nM.
All the affinity experiments were performed at 25°C with PBS (0.01M, pH 7.4) as running buffer at a flow rate of 15 µL min -1 . NanoMIPs were injected sequentially from low to high concentrations using KINJECT mode (injection volume -100 µL, dissociation time -120 s). Dissociation affinity constants (K D ) were calculated from plots of the equilibrium binding response using the BiaEvaluation v4.1 software (Biacore, Sweden) with a 1:1 Langmuir binding model with drifting baseline fitting.
Results and Discussion
Molecular Modelling
A molecular model of carboxyparacetamol was constructed in SYBYL 7.3 software package and its structure minimised to 0.001 Kcal mol -1 with a molecular mechanics process (Fig. 1) . The LEAPFROG TM algorithm was used to screen a monomer database to calculate binding scores for each functional monomer with carboxyparacetamol. Functional monomers were ranked by their binding score as described earlier [16] , Table 2 . Neutral itaconic acid and bisacrylamide and negatively charged EGMP and trifluoroacrylic acid had high binding scores and would be capable of forming strong reversible bonds with paracetamol (strong non-covalent interactions are more convenient than covalent interactions due to ease of template removal) [17] . The strength of the complex depends on saturation of template binding sites by functional monomer [18] . We have modelled this process by simulated annealing [19] . Carboxyparacetamol and selected monomer, bound in the most stable orientation as calculated by Leapfrog TM algorithm, was solvated with same monomer species and minimised to 0.005 Kcal mol -1 over 60,000 iterations. The template-monomer complex generated defines the most stable and likely non-covalent interactions to be present in the binding site cavity of the MIP (Fig. 2) .
The carboxyparacetamol-itaconic acid complex (Fig. 2a) had the highest T:M ratio (1:5) with a total of 6 hydrogen bond interactions. Hydrogen bonds were observed between ITA monomers and carboxyparacetamol phenol residue and amide group. The carboxyl group in carboxyparacetamol would not be available for hydrogen bonding since it would be incorporated into an amide bond with silyl linker molecule on solid support surface. Therefore realistically, a lower number of hydrogen bonding interactions would be expected.
Various authors have attempted to prepare MIPs for paracetamol using non-covalent and semi-covalent imprinting approaches. Despite paracetamol being a small molecule, pronounced imprinting effect was only observed when interactions were established with both the phenol and amide residues [20] . The molecular 
Characterisation of nanoMIPs
Temperature-based affinity separation of polymerised material was used to collect high-affinity nanoMIPs. Unreacted monomers and low-affinity nanoMIPs are first washed away at low temperatures. At 60°C non-covalent interactions holding nanoMIPs to template-derivatised solid support are disrupted so that high-affinity nanoMIPs are eluted and isolated [21] . DLS measurements showed that size of nanoMIPs did not vary significantly with an increase in template density on solid support surface with all synthesised nanoMIPs having similar diameter of between 80-100 nm (Table 3 ). This suggests that under the conditions investigated, the size of nanoMIPs was not dependent on template density on solid support and that the size was controlled effectively by iniferter concentration and polymerisation time [12, 22] . The DLS results also show no difference in the size of nanoMIPs when using A or B silyl linker molecules on solid support surface. Typical TEM pictures of dry nanoMIPs are shown in Fig. 4 . TEM images confirm DLS data that nanoMIPs have approximate size of 100 nm.
modelling results indicate that the itaconic acid monomer should also give pronounced imprinting effect.
Preparation of paracetamol-derivatised solid supports
Glass beads were used as a solid support for the synthesis of nanoMIPs for paracetamol. The structural analogue of paracetamol used in this work (carboxyparacetamol) has a carboxyl group available for amide bond formation so that it can be immobilised on glass bead surface using silyl linker molecules with an amine group. EDC and NHS cross-linker chemistry was used to couple the template to glass bead surface.
In total six different solid supports were prepared (Table 1) : 50A, 75A, 100A, 50B, 75B and 100B. Each solid support varies in the relative concentration or length of silyl linker molecules present on glass bead surface. Carboxyparacetamol (template) molecules were subsequently immobilised on solid support via silyl linker molecules. In principle the six solid supports would thus have relatively different density of the template on glass bead surface. It is worth mentioning that it is extremely difficult to measure absolute concentration and accurate distance between each of the templates on solid surface due to large experimental error and for this reason we rely on comparative analysis. Template density is expected to be the highest for 100A and 100B nanoMIPs compared to 75A and 75B nanoMIPs and in turn compared with 50A and 50B nanoMIPs (Fig. 3) . It was hypothesised that an increase in template density on the glass bead surface will lead to the production of nanoMIPs with increased number of binding sites per particle. (from c. 0.01 to 8 nM) were then sequentially injected, from the lowest to the highest concentration, over the derivatised sensor surface. SPR sensorgrams showing the binding responses are shown in Fig. 6 . SPR sensorgrams were evaluated in BIAEvaluation Software v4.1 (Biacore, Sweden) by fitting a 1:1 Langmuir binding model with drifting baseline correction. Affinity constants were calculated from kinetic rate constants which were determined from fitting of a Langmuir binding model. Association (K A ) and dissociation (K D ) affinity constants for prepared nanoMIPs are presented in Table 4 . The small Chi 2 values (< 5) were obtained. The results show that K D decreased with an increase in relative template density on solid support surface used in preparing nanoMIP under the conditions investigated, i.e. the 100B nanoMIPs showed a higher affinity for immobilised carboxyparacetamol than 50B nanoMIPs.
It was not possible to calculate affinity constants for 50A, 75A and 100A nanoMIPs, i.e. those prepared with A silyl linker, because no dissociation was observed in SPR sensorgram and thus dissociation rate constant could not be measured. This binding response suggested very strong, perhaps irreversible, binding of the nanoMIPs to the carboxyparacetamol molecules on sensor surface. Dissociation may have been observed if the experiment was performed under elevated temperature (60°C) to mimic the conditions used for elution of nanoparticles from the immobilised template during synthesis, though this is well above the upper working limit (40°C) of the SPR instrument used.
It was found that the yield of nanoMIPs increased with increase in template density on solid surface (Fig. 5) . This is logical because for higher template density there is a larger number of template molecules where monomers can self-assemble and subsequently polymerise into nanoMIPs. It also provides an indication that under the conditions investigated the availability of template molecules is the limiting factor in formation of nanoMIPs. No difference in yields was observed between A and B silyl linker molecules.
SPR affinity analysis of nanoMIPs
SPR technique was used to investigate the affinity of prepared nanoMIPs. SPR gold chip sensor surface was derivatised with carboxyparacetamol molecules using EDC/NHS chemistry. Several dilutions of the nanoMIPs behaviour of particles in SPR experiments. The SPR results could potentially be explained by interplay of two or more binding site imprinted in a nanoMIP particle and hence by cooperative binding. According to experimental design the 100B nanoMIPs would be expected to have
Cooperative binding
Given that the size of the nanoMIPs did not vary significantly (Table 3) , it can be assumed that the size differences of the nanoMIPs did not influence binding In SPR experiments the measured K D value represents the binding of one or more template molecules with the nanoMIP. This K D value is equal to the product of individual binding event K D s and represents the affinity for overall formation of nanoMIP-template(s) complex (MT n ). A tenfold increase in the affinity between 50B nanoMIPs and 100B nanoMIPs could be explained (in theory), by cooperative binding in which case there is a requirement for the presence of more than one binding site on the MIP surface. The additional binding sites may be of similar or different quality due to limitations of the imprinting procedure. Only in the former case the number of binding sites (n) would be equal to a whole integral value. The increase in affinity between 50B and 100B MIP NPs points towards either very few 100B MIP NPs having more than one binding site or imprinting of additional binding site on 100B MIP NP which is not whole or perfect. In the former case the number of binding sites (n) is equal to whole integer value (Model 1) but in the latter case the number of binding sites is not equal to whole integer value (Model 2). Mathematical calculations (see below) were carried out to test validity of these models to explain observed affinity increase.
Both calculations use where is identical. According to the theory this would suggest non-cooperative binding however in this study positive cooperativity is postulated by way of increase in number of binding sites and hence multiplication was used. These stipulate that the observed increase in affinity between 50B nanoMIPs and 100B nanoMIPs could be explained by very small fraction of nanoMIPs (2.12 × 10 -6 % of total population) gaining an additional binding site. These calculations show that the observed increase in affinity was not significant enough to support principle of cooperative binding interactions under the conditions investigated in this study. An alternative explanation is that the second binding site in all the particles is of extremely poor quality and does not contribute significantly to specific binding. The observed increase in affinity would therefore be explained by improved binding kinetics rather than by inter-binding site cooperativity. A required condition for inter-binding site cooperativity in the present nanoMIP/SPR system would be an arrangement of binding sites that matches specifically the arrangement of immobilised template molecules on the SPR sensor surface.
Conclusion
The binding affinity of nanoMIPs prepared using a solid support with different template densities was investigated. Positive inter-binding site cooperativity was hypothesised by way of an increase in number of binding sites imprinted in nanoMIPs. It was initially expected that the number of binding sites at the nanoMIPs surface would increase with an increase in template density on the solid support surface used for MIP synthesis. This synthetic route would therefore allow for cooperative binding to be intentionally introduced into nanoMIP systems.
Under the conditions investigated, it was found an increase in template density on solid support surface resulted in: (i) increased yield of nanoMIPs, (ii) the size of nanoMIPs is not affected by the different solid surfaces and (iii) a ten-fold increase in binding affinity measured using SPR. However the observed increase in affinity was not significant to prove the presence of cooperative binding interactions. In conclusion, this study confirms that nanoMIPs produced via the solid-phase approach possess only one "high quality" binding site that can interact with immobilised templates.
